With etching rates of argon ion milling greatly reduced, the conventional fabrication process of mesa-structured intrinsic Josephson junctions is improved by precisely controlling and measuring the parameters of the fabrication, which include the thickness of metal layers and the time and etching rates of argon ion milling. We have obtained intrinsic Josephson junctions of mesa structure, in which the number of junctions ranges from 3 to 12 and is controllable with the error within ±1. The thickness of the Bi 2 Sr 2 CaCu 2 O 8+x layer damaged by the etching process is about 2.7 nm, which also contributes to the junction number in intrinsic Josephson junctions. The critical current of each junction in the intrinsic Josephson junctions is consistent except for a surface junction, which shows a nonlinear resistance in the current-voltage (I-V) curves. With the fabrication of two top electrodes on the mesa and four-probe measurement, the surface junction is eliminated and the standard supercurrent is registered in the I-V curves.
Introduction
Since the discovery of the intrinsic Josephson effect in high-temperature superconductors (HTS), many studies have been carried out on the fabrication of intrinsic Josephson junctions (IJJs) on various kinds of HTS materials [1] . With the strongest anisotropy among those of the present HTS, Bi 2 Sr 2 CaCu 2 O 8+x (BSCCO) has been proven to be the best candidate for fabricating IJJs. The coupling between the adjacent junctions in IJJs provides a promising application as collective Josephson plasma oscillators or flux flow oscillators [2] . Although previous authors have made remarkable progress in the fabrication of IJJs, there is still much room for improvement. One of the main issues in this field is to fabricate such a mesa that the numbers of junctions in it can be very well controlled. Now the fabrication process of IJJs is rather reproducible and stable, which includes the conventional fabrication based on mesa structure and double-sided fabrication process [3, 4] . The mesa-structured fabrication process is easy to realize and makes it easy to control the number of junctions. Yet, the base single crystal may serve as a shield for the mesa when the microwave irradiation is from the back of the single crystal, which causes some defects in the high-frequency application. Besides, the surface junction is another defect in mesa-structured IJJs. The double-sided fabrication process excludes the influence of the base single crystal and the surface junction. However, the process is rather complicated and it is difficult to control the number of junctions in IJJs.
There have been a few reports on the fabrication of IJJs within a controllable junction number. Wang et al [5] realized three-dimensional arrays of BSCCO IJJs, which include 256 stacks with over 11000 junctions. Reproducible fabrication of only a few junctions was reported by Yurgens et al [6] and Irie and Oya [7] . Odagawa et al [8] have also shown an image of a single IJJ fabricated from BSCCO-2223 thin films. However, recent research has shown that it is only a surface junction that should not be regarded as a real intrinsic one.
In this paper, we report on the fabrication of IJJs containing only a few junctions. Based on the mesa structure, with lower etching rates of argon ion milling, we have realized the successful fabrication of IJJs, in which the junction number is controllable with the error within ±1. The critical current of each junction is quite consistent except for the surface junction, which manifests itself as a nonlinear resistance in the current-voltage (I-V) curves. IJJs with the junction number ranging from 3 to 12 have been fabricated in a controlled way.
With four-probe technology, we realize the fabrication of IJJs containing any number of junctions as well as the elimination of the influence of the surface junction.
Fabrication
The BSCCO single crystals were grown using the travelling solvent floating zone method [9] . The conventional mesabased fabrication process was adopted, which is described concisely here. The cleaved BSCCO slice was deposited with a layer of silver on its fresh surface and fixed on the Si substrate. A mesa with sizes of 16 × 16 µm 2 or 8 × 8 µm 2 in the ab plane was formed with photolithographic patterning and argon ion milling. Subsequently, CaF 2 was evaporated to isolate the mesa from the base single crystals. It is noted here that the thickness of CaF 2 should be similar to the height of the mesa, which makes the lift-off process easier. By supersonic cleaning in acetone, the photoresist and the CaF 2 on the mesa were lifted off. Then, the second layer of silver was evaporated as a top electrode layer. With the second photolithographic patterning, argon ion milling and lift-off, finally a top electrode is formed. For electrical transportation measurement, the other two electrodes were connected to the base of the single crystal, which was easily achieved by a mechanical process. Finally, the leads were fixed to the three electrodes by silver paste. A schematic view of the mesa-structured IJJs is shown in figure 1 . All the measurements were carried out in a cryocooler with a typical temperature of the sample of 25 K.
Discussion and measurement
Normally, we use high-energy argon ion milling (neutral ion energy of 1000 eV and the flow density of 0.76 mA cm −2 ) with high etching rates for the fabrication. The typical values are 76 nm min −1 for Ag and 18 nm min −1 for BSCCO in our previous work [3] , which makes it difficult to control the number of junctions in the mesa by etching time. For 
controlling the number of junctions, we adopted low-energy ion etching (neutral ion energy of 250 eV and flow density of 0.38 mA cm −2 ). The etching rates were clearly decreased, 9.3 nm min −1 for Ag (ER Ag ) and 1.3 nm min −1 for BSCCO (ER Bi ). For the thickness of a single IJJ in BSCCO (d 0 ) it is 1.54 nm, which is similar to ER Bi , Such low etching rates have proved to be feasible for controlling the number of junctions in IJJs by etching time. The etching rates of materials are obtained through the measurement of a step formed by etching with the aid of the profiler, as well as the thickness of silver layers.
Ordinarily, the junction number in IJJs (N) is determined by the etching time and rates, which can be described as
where d is the height of the IJJs, T 1 is the time of the first ion milling process and d 1 is the thickness of the first silver layer. However, from the statistics of many fabrication batches, we found that the junction number was always slightly above the value estimated from equation (1) . Considering the existence of the BSCCO layer (Bi et ) damaged by ion milling which can also contribute to the junction number, equation (1) was updated to
where d et is the thickness of the BSCCO layer damaged by argon ion milling. Table 1 shows the statistics of the junction number of IJJs and the corresponding fabrication parameters. To analyse the data in table 1, the particular etching time for BSCCO (T Bi ) is derived due to the equation T Bi = T 1 − d 1 /ER Ag . Then we can obtain the variation of junction number N with T Bi , which is shown in figure 2 by the squares. Using a linear fit of the experimental data with the equation
which is derived from equation (2), we have d et = 2.71 ± 0.31 nm and ER Bi = 1.32 ± 0.06 nm. ER Bi obtained from the linear fit agrees well with the etching rate we measured for BSCCO using the profiler. On the other hand, judging from figure 2, the number of junctions in IJJs was well controlled with the error within ±1. which equals the number of branches in the I-V curves. Considering the existence of a surface junction, the number of junctions in IJJs is four, and the error is 1. For the IJJs shown in figure 3(b) , d 1 = 49 nm and T 1 = 8 min, thus we have N = 4 from equation (2) . The actual number of junctions including the surface junction in IJJs is 3, so the error is also 1. The I-V curves in the two images show a rather consistent critical current, which proves that the IJJs are well fabricated. Due to the proximity effect of the Ag layer, the superconductivity of the top CuO layer in the mesa is degraded greatly. As a result, the surface junction shows superconductivity far from the inner IJJs, as discussed in detail by Doh et al [10] . When the temperature is above the critical temperature of the surface junction, for example, 25 K in our measurement, the surface junction is in the resistive state, then it manifests itself as a nonlinear resistor, which causes the disappearance of supercurrent in I-V curves.
Using this method, we realized the controllable fabrication of IJJs with the number of junctions ranging from 3 to 12. Occasionally the IJJs with two junctions were obtained. Because the thickness of the BSCCO layer damaged by the etching is about 2.7 nm, which is nearly the thickness of two junctions, we did not realize a junction number less than 2.
Improvements
To eliminate the effect of the surface junction, two separate top electrodes were fabricated on the mesa. By controlling the second etching time, the surface junction was divided into two parts, then the resistance of this was included with the electrodes in four-probe measurements. Besides, the second etching might also divide some junctions into two parts, which causes the decrease of the number of effective junctions in the mesa in the four-probe measurement. Figure 4 shows I-V curves of IJJs containing only three junctions in the four-probe measurement, and the standard supercurrent is registered. Furthermore, we can realize precise control of the junction number and fabricate IJJs containing any junction number we wish.
Conclusions
Low-energy ion milling was adopted in the fabrication of mesa-structured IJJs. With low etching rates and precise measurement of the thickness of silver layers, we successfully control the number of junctions in IJJs, which ranges from 3 to 12 with the error within ±1. The existence of the BSCCO layer damaged by the etching process makes it difficult to fabricate IJJs within one or two junctions. Further experiments with four-probe measurements have realized the standard supercurrent of IJJs, which eliminated the influence of the surface junction. Very recently a single IJJ was successfully and controllably fabricated, the related progress will be discussed elsewhere.
